The estrogen-synthesizing enzyme aromatase is abundant at the synapse in the zebra finch hippocampus (HP), and its inhibition impairs spatial memory function. To more fully test the role of local estradiol (E 2 ) synthesis in memory, the HP of adult male zebra finches was exposed to either control pellets or those containing the aromatase inhibitor 1,4,6-androstatriene-3,17-dione (ATD), ATD and E 2 , ATD and the G protein-coupled estrogen receptor (GPER) agonist G1, or the antagonist G15 alone. Birds were tested for spatial memory acquisition and performance, and HP levels of the postsynaptic protein PSD95 were measured. ATD-treated birds took longer to reach criterion than control birds, whereas acquisition in ATD+E 2 and ATD+G1 birds was indistinguishable from control and ATD treatments. Interestingly, all G15 birds failed to acquire the task. Following a retention interval, ATD birds took the longest to reach the (formerly) baited cup and made the most mistakes. ATD+E 2 animals displayed the lowest retention latencies and made fewer mistakes than ATDtreated birds, and ATD+G1 birds did not significantly differ from controls in retention latencies. The amount of PSD95 in the HP was lowest in ATD-treated animals compared with birds with siliconeonly-implanted craniotomies, ATD+E 2 , and ATD+G1 birds, who did not differ in this expression. Thus, spatial memory acquisition and performance appear aromatase and E 2 dependent, an effect more reliably revealed after consolidation and/or recall compared to acquisition. E 2 may exert this effect via GPERs, resulting in an increase in PSD95 levels that may modify receptor activity or intracellular signaling pathways to increase synaptic strength. (Endocrinology 158: 852-859, 2017) E strogens have organizational and activating influences on the vertebrate central nervous system via endocrine, paracrine, autocrine, and "synaptocrine" provision. The synthesis and provision of estradiol (E 2 ) at the synapse occurs via the expression of the estrogensynthesizing enzyme aromatase in presynaptic boutons and postsynaptic dendrites (1-5). Indeed, aromatase is acutely regulated in synaptosomes rather than microsomes (4-7) and can have acute and even rapid behavioral effects (6, (8) (9) (10) .
strogens have organizational and activating influences on the vertebrate central nervous system via endocrine, paracrine, autocrine, and "synaptocrine" provision. The synthesis and provision of estradiol (E 2 ) at the synapse occurs via the expression of the estrogensynthesizing enzyme aromatase in presynaptic boutons and postsynaptic dendrites (1) (2) (3) (4) (5) . Indeed, aromatase is acutely regulated in synaptosomes rather than microsomes (4-7) and can have acute and even rapid behavioral effects (6, (8) (9) (10) .
The brain of the male zebra finch (Taeniopygia guttata) is likely the sole source of local and circulating E 2 (11, 12) due to the abundant expression of aromatase in neurons of the hippocampus (HP), caudomedial nidopallium, nucleus taeniae, lateral nidopallium, and other telencephalic and diencephalic brain regions (3, 4, 13, 14) . Aromatase can also be expressed in reactive astrocytes and radial glia (9, (15) (16) (17) (18) (19) when the songbird brain is damaged, suggesting the source and mechanisms of estrogen provision may be different in the unperturbed and injured finch brain.
Neuronal aromatase expression is strikingly high in the zebra finch HP and is detectable by the presence of aromatase mRNA, biochemical activity, and immunoexpression (13, 14, 20, 21) . Ultrastructural examinations reveal an abundance of aromatase in presynaptic boutons and postsynaptic dendrites at this locus with a surprisingly low level of somal aromatase (3) . This characteristic renders the zebra finch HP amenable to understanding the role of synaptic aromatization.
Studies of songbirds have provided compelling evidence for the role of E 2 in the learning and expression of singing behavior (22, 23) . In addition to song learning, these organisms also demonstrate HP-dependent spatial memory function, which is modulated by circulating steroids, including E 2 (24) . Given the abundance of presynaptic and postsynaptic aromatase expression in the HP, we and others have hypothesized a critical role for local aromatization, likely restricted to synaptic structures, on the regulation of spatial memory function in the zebra finch (25) .
Because the avian HP is located on the dorsal surface of the brain, it is possible to manipulate its biochemical characteristics without damaging the cytoarchitecture of the telencephalon and inducing the expression of aromatase in astroglia. In a previous study, we exploited this neuroanatomical characteristic to infiltrate the HP with the lipophilic aromatase inhibitor 1,4,6-androstatriene-3, 17-dione (ATD) and demonstrated an impairment of spatial memory function similar in magnitude to that observed in HP-lesioned birds (26) . However, the E 2 dependence and mechanism underlying this effect are unknown. E 2 is known to modulate neural function via action on its canonical nuclear estrogen receptors a and b, as well as G protein-coupled estrogen receptor (GPER)-1, an estrogen receptor expressed in the cell membrane and implicated in the rapid effects of E 2 on several behaviors, including some aspects of memory function (27) (28) (29) (30) . However, the influence of GPER-1 expressed specifically within HP circuits on a complex behavior, and the signaling cascades following modulation of these receptors, remains relatively unexplored. A recent study in mice revealed that infusions of a GPER agonist enhances (and an antagonist impairs) object recognition memory, but perhaps through mechanisms that are independent of the effects of E 2 on membrane receptors (31) .
In this study, we tested the influence of aromatase inhibition, aromatase inhibition plus concurrent E 2 replacement, aromatase inhibition and agonism of GPER-1, or antagonism of GPER-1 on spatial memory function in the adult male zebra finch. Levels of the postsynaptic protein PSD95 were measured via Western blot in microdissected HP tissue from animals in each of the treatment conditions. PSD95, a membrane-associated guanylate kinase, is found almost exclusively in dendrites (32, 33) and interacts directly with glutamate receptors (34) (35) (36) and a variety of other postsynaptic proteins (33) , promoting activity-dependent plasticity. We hypothesized that aromatization and local E 2 provision to GPER-1 in the HP supports spatial memory function in the zebra finch via interactions with PSD95.
Methods

Animals and surgery
Adult male zebra finches housed in single-sex aviaries at St. Norbert College (De Pere, WI) were used in the experiment. Birds had ad libitum access to food and water up to the morning of behavioral testing, and the light:dark cycle was 12:12 (lights off at 1900). All procedures were approved by the St. Norbert College Institutional Animal Care and Use Committee.
After anesthesia with isoflurane, birds received 0.8-mm craniotomies above the HP (anteroposterior length, +1.5 mm; mediolateral = 60.5). Animals were then given silicone implants that fit inside the craniotomies and made to rest on the surface of the brain, such that each implant was roughly 0.25 mm 3 . In one group (n = 17), only silicone was put into the craniotomies (SIL). In another, the aromatase inhibitor ATD (n = 16; Steraloids) was mixed with the silicone as described previously (26) . To determine the effects of aromatase inhibition concurrent with E 2 replacement, pellets were prepared with both ATD and E 2 (5:1 ratio of E 2 to ATD/pellet; n = 10; Steraloids). Finally, to determine the role of GPERs in HP memory function, pellets were made with ATD plus the GPER agonist G1 (n = 7) or only the antagonist G15 (n = 8; both Azano Scientific), such that implants each contained roughly 0.5 mg (approximately 2.5:1 of G1 to ATD per pellet). After the implant procedure and a period of recovery on a warming pad, animals were returned to the colony but housed in an individual cage with ad libitum access to food and water.
Behavioral testing
Seventy-two hours after the surgical procedures, spatial memory was tested in 2 stages (26, 37) after approximately 5 hours of food deprivation that began when lights were turned on. Briefly, birds had to learn the location of a cup that contained seed within a T-shaped apparatus. An hour after reaching a predetermined criterion level (i.e., when, after first eating from the seed-baited cup, birds entered that arm of the apparatus within 30 seconds in three consecutive trials), memory for the seed-containing cup was tested in 4 "probe" trials by examining the latency to reach the cup that contained seed in the acquisition trials as well as the number of mistakes (if any) before contacting it.
Tissue collection and Western blotting
Immediately after spatial memory testing, animals were rapidly decapitated and the HP was microdissected as described previously (26) , flash frozen in microcentrifuge tubes on dry ice, and stored at 280°C until preparation for gel electrophoresis.
Tissue samples were thawed on ice, treated with radioimmunoprecipitation assay lysis buffer [90 mL per sample; 50 mM Tris, pH 8.0; 150 mM sodium chloride; 1% IGEPAL CA-630; 0.5% sodium deoxycholate; 0.1% sodium dodecyl sulfate; 3 mM EDTA; 50 mM sodium fluoride; 0.2 mM sodium orthovanadate; 4 mL/mL protease inhibitor mix (Sigma); and 1 mM phenylmethanesulfonyl fluoride], homogenized with sonication, then centrifuged for 10 minutes at 10,000g. After supernatant collection, the protein concentration of each sample was determined by a bicinchoninic acid assay. Samples were electrophoresed on a 12% polyacrylamide gel with 30 mg of protein per lane, and the proteins were transferred from the gels to low-fluorescence polyvinylidene difluoride membranes (Thermo Scientific). Membranes were blocked with 3% bovine serum albumin (BSA) in Tris-buffered saline for 1 hour at room temperature, then incubated overnight at 4°C in primary antibodies [PSD95, 2 mg/mL, Abcam; glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 1:5,000, EMD Millipore] diluted in 3% BSA in Tris-buffered saline with Tween 20 (TBST). After washes in TBST, membranes were incubated with secondary antibodies (donkey anti-rabbit DyLight 650 and donkey antimouse DyLight 488; Life Technologies) diluted at 1:10,000 in 3% BSA in TBST for 1 hour at room temperature. After rinses, fluorescence was captured with a Typhoon imager (GE Healthcare Lifesciences) using a 670-nm emission filter and red laser (633 nm), and a 520-nm emission filter and blue laser (488 nm). Individual band intensities and PSD95/GAPDH ratios were quantified using ImageJ software by raters unaware of treatment condition.
Data analysis
Homogeneity of variance was examined in the data sets using the Bartlett test; when appropriate, data (i.e., latencies to contact the baited cup, mistakes, and PSD95/GAPDH levels) were log transformed. Regarding mistakes during the probe trials, given the unequal variance combined with the number of zeroes (no mistakes) in the data set, values were log transformed following an "x+1" conversion. All data presented in the figures are not log transformed.
Acquisition (i.e., trials to criterion) was analyzed via a 1-way analysis of variance (ANOVA) to determine the effect of treatment, and Newman-Keuls post hoc tests (critical value of P , 0.05) were used to compare the performance between individual groups. Retention (i.e., latency to contact the baited cup and mistakes, if any, before doing so) was analyzed with a repeated measures ANOVA to determine effects of treatment, trial, and any interactions of these dependent variables. When appropriate, and given the importance of the first probe trial after the 1-hour interval following acquisition, a 1-way ANOVA was used to determine performance in this trial. Newman-Keuls post hoc tests were used to compare the performance between individual groups.
Band intensities (PSD95/GAPDH) also were analyzed using a 1-way ANOVA, with Newman-Keuls used post hoc. Agreement between raters about Western blot quantification was determined using the Cohen k statistic. Although PSD95 levels were analyzed in tissue collected from G15 birds after their failed attempt at acquisition, the group was not included in the analysis. Other birds that met the criterion went on to $1 hour of probe trials after a 1-hour interval. Thus, we felt comparisons of PSD95 between groups that failed acquisition (G15) and those that did not and went through the additional testing (all others) would be confounded. For this same reason, protein levels were not included from birds in other groups that failed to acquire the task.
Results
Acquisition
As previously published, the spatial memory task used in these experiments is HP dependent and amenable to testing the acquisition and accuracy of spatial memory function (26, 37) . In our study, the task was acquired by most of the birds (all 17 SIL, 16 of 17 ATD, all 10 ATD+E 2 , and 7 of 11 ATD+G1 birds). In stark contrast, none of the G15 birds acquired the task. Across the 4 groups that demonstrated acquisition, the number of trials to reach criterion was significantly affected by treatment (F 3,46 = 3.81; P = 0.016; Fig. 1 ). Birds treated with ATD took significantly more trials than those in the SIL group; no other comparisons reached significance. The G15-treated birds were excluded from this analysis and all further analyses in this set of studies, because they did not acquire the task.
Mistakes made during probe trials
The number of mistakes made during the first probe trial was strongly affected by treatment (F 3,46 = 5.959; P = 0.0016; Fig. 2 ). This effect reflects the fact that ATD birds made significantly more mistakes than SIL, ATD +E 2 , and ATD+G1 birds. There were no significant differences in the number of mistakes made in the first trial between birds treated with ATD+E 2 as compared with SIL or ATD+G1.
Over the course of the probe trials, the number of mistakes made was also affected by treatment (F 3,46 = 5.075, P = 0.004; Fig. 2 ). Animals treated with ATD made significantly more mistakes than SIL and ATD+E 2 birds. Birds treated with ATD+G1 did not significantly differ from any of the other groups in this measure. The number of mistakes did not change significantly over time (F 3,138 = 0.329; P = 0.8047), nor was there an interaction between this variable and type of implant (F 9,138 = 0.860; P = 0.5629). 
Latency to find the appropriate location during probe trials
On the very first probe trial (F 3,46 = 4.448; P = 0.008; Fig. 3 ), ATD birds took the longest to reach the (previously) baited cup than those in all the other treatment conditions. This impairment was significantly different from that of ATD+E 2 birds. None of the other comparisons reached significance.
Across all 4 probe trials, latency to contact the baited cup was also significantly affected by type of implant (F 3,46 = 7.151; P = 0.0005; Fig. 3 ). Latencies did not differ over time (F 3,138 = 0.005; P = 0.9916), and there was no significant interaction of time and treatment (F 9,46 = 0.611; P = 0.786). Similar to the pattern of differences when examining the first probe trial alone, there was a significant effect of aromatase inhibition and a rescue of this impairment by concurrent treatment with E 2 across all probe trials. Specifically, animals given implants of ATD took significantly more time to reach the baited cup over the course of the probe trials than SIL and ATD+E 2 birds. ATD+E 2 -treated animals performed significantly better than ATD+G1 birds. None of the other comparisons reached significance.
Protein expression
Analysis of protein expression with Western blots demonstrated a striking resemblance to the pattern of effects in spatial memory function. Specifically, the intensity of the bands for PSD95 relative to that of GAPDH (the quotient) differed depending on treatment condition (F 3,46 = 4.124; P = 0.0113; Fig. 4) . Levels of PSD95/GAPDH were significantly lower in animals treated with ATD relative to SIL, ATD+E 2 , and ATD+G1 birds. Importantly, there was no systematic difference in PSD95 expression across the latter 3 groups. The Cohen k comparing calculations of band intensities by 2 raters was 0.82, indicating strong agreement.
Discussion
This study examined spatial memory function in adult male zebra finches after aromatase inhibition in the HP with or without concurrent E 2 replacement, as well as manipulation of GPER-dependent signaling. Aromatase inhibition impaired acquisition and the accuracy of memory function during subsequent probe trials. Replacement with E 2 resulted in acquisition rates intermediate between that of birds treated with an aromatase inhibitor or control birds, but successfully restored the accuracy of memory function during probe trials. The presence of a GPER agonist with concurrent aromatase inhibition had no effect on acquisition; however, GPER antagonism resulted in a failure of acquisition in all animals. On the very first probe trial, aromatase inhibition resulted in weaker memory accuracy, as evidenced by more mistakes and longer latencies to find the previously baited cup relative to all other groups. Indeed, agonism of GPER in the presence of an aromatase inhibitor and E 2 replacement restored, and even improved, the accuracy of memory function relative to aromatase inhibition alone. In excellent agreement, Western blot analysis for the postsynaptic protein PSD95 on microdissected HP tissue revealed lower expression in birds treated with an aromatase inhibitor relative to that seen in control birds and those replaced with E 2 or the GPER agonist G1. Taken together, the data suggest that acquisition and performance of a spatial memory task in zebra finches appear to depend on local aromatase and E 2 synthesis, an effect possibly exerted through GPERs. Activation of these receptors by E 2 may lead to modifications in PSD95 or its targets to modify membrane receptor stability and availability to promote or enhance synaptic plasticity.
The estrogen-sensitive nature of HP function has been well documented in rodents and humans (38) , with fewer studies in songbirds. The results replicate work from a prior study (26) in which treatment of the adult male zebra finch HP with ATD resulted in more mistakes in the acquisition and performance phases of a spatial memory task. In the current study, we queried the E 2 dependence of this effect and were surprised that E 2 did not restore acquisition to control levels. Moreover, although the addition of G1 in the presence of aromatase inhibition also did not improve acquisition, it did appear to rescue performance (as measured by the number of mistakes) in the first probe trial; however, that effect did not hold for the remainder of the probe trials, and the animals behaved much like those receiving ATD treatment alone. Indeed, prior reports on the effect of E 2 on acquisition and retention of HP-dependent spatial memory in zebra finches are unclear. Specifically, although implants of E 2 after castration in male zebra finches resulted in an increase in acquisition relative to control and testosteronetreated birds (24) , in another study, acquisition was adversely affected when E 2 was replaced [and retrieval was impaired in the presence of aromatase inhibition (39) ]. Although the results of these studies and the current one may disagree, it should be noted that there are differences between them in dose and route of drug delivery (i.e., pellets directly on the brain's surface, oral, subcutaneous) and spatial memory testing (i.e., number of trials per day, nature of testing apparatus). These and other differences could have led to the inconsistencies in the pattern of results obtained. Importantly, aromatase inhibition also impaired memory performance in subsequent probe trials, an effect that was completely reversed by replacement with E 2 . Birds provided with exogenous local E 2 made fewer mistakes and took less time to reach the baited cup than ATD-treated and control birds; birds receiving ATD+G1 also made fewer mistakes on the first probe trial but did not differ from control birds in regard to the amount of time needed to reach the baited cup throughout the probe phase. These results suggest a stronger effect of E 2 synthesis and action within the HP on the consolidation and/or retrieval of a learned behavior rather than acquisition, an expected result if E 2 is perhaps, as described previously (39), produced in "dynamic" and varying levels by the HP depending on learning and memory phase. Additional studies are needed to more precisely determine the contribution of E 2 by modifying its levels or activity during different phases of the spatial memory paradigm.
Although one cannot rule out an effect of manipulation of estrogen receptors a and b, the existence and transduction activity of estrogen receptors at extranuclear sites examined relatively recently in rodents (40) (41) (42) (43) (44) (45) suggest an additional or perhaps exclusive role for this type of communication. Indeed, post-training infusion of G1 into the dorsal HP of ovariectomized mice resulted in an enhancement of object recognition, whereas G15 impaired this behavior (31) . However, there may be indications that E 2 itself may not work through GPERs to enhance performance in the spatial memory task used, suggesting that the downstream effects of GPER activity may represent redundant signaling mechanisms that can be activated by more than just E 2 . Membrane estrogen receptors have also been identified in zebra finches (46) , and in high density in the HP. As in the Kim et al. (31) experiment, G15 impaired, but G1 in the presence of the aromatase inhibitor ATD rescued, the learning ability of birds in the current study. Importantly, these manipulations occurred after a route of administration that did not disrupt the neuropil, which is an unavoidable Figure 4 . Mean (+SEM) PSD95/GAPDH band intensity from microdissected hippocampal tissue of birds in each of the treatment conditions, as well as representative bands (PSD95 80 kD, GAPDH 36 kD) from the membranes. PSD95/GAPDH levels were significantly lower in animals treated with ATD relative to SIL, ATD+E 2 , and ATD+G1 birds, and the levels in these latter 3 groups did not significantly differ from each other. Groups that do not share a letter are statistically different (P , 0.05), and number of animals per group is indicated. SEM, standard error of the mean.
outcome in studies aimed at determining the transient regulation of E 2 or its receptor on HP-dependent learning and memory processes in rodents. In birds, the location of the HP on the dorsal surface of the brain permits the modulation of aromatase or delivery of GPER agonists or antagonists without the confound of aromatase induction in nonneuronal cells (18, 19) , a process that occurs dramatically in response to disruption of the neuropil in songbirds (9, (15) (16) (17) and rodents (47) (48) (49) (50) . Taken together, these data support a role for GPER expression in neurons in HP-dependent spatial memory function in songbirds.
In addition to facilitating aspects of spatial memory performance, replacement with E 2 or the GPER agonist G1 increased levels of PSD95 in HP homogenates relative to ATD-treated birds. Importantly, the latter group demonstrated the lowest levels of PSD95 relative to all groups including SIL-treated control birds. In rodents, PSD95 is known to interact with GPER-1 (51), and levels of it increase in the HP (specifically, field CA3) after administration of G1 (52), an effect that may occur through the Akt/mTOR pathway (53) . Although it is estimated that a typical postsynaptic density contains 200 to 300 PSD95 molecules (32), it is not possible to know if, in the current study, more of these were present within each HP synapse or whether there were simply more synapses as a result of the treatment. Also in rodents, PSD95 interacts with the N-methyl-D-aspartate (NMDA) receptor (34) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (54) directly or indirectly, but inhibition of PSD95 via RNAi results in loss of the latter but not NMDA receptors (33) in the postsynaptic membrane. In rodent HP slices, E 2 modulates pre-and postsynaptic currents rapidly, an effect strongly influenced by glutamate or glutamate receptor-dependent mechanisms (2, 43, 55, 56) . In birds, drugs that modulate glutamate receptor activity affect E 2 production, both in the hypothalamus (57) and a region of the auditory forebrain (8, 9, 58) . Furthermore, neurons positive for aromatase in the zebra finch HP colocalize with NMDA receptors (59) . Collectively, these findings support the idea that activity-dependent synaptic aromatization may be critical to synaptic size and strength, and further demonstrate that E 2 may function more like a neurotransmitter, promoting a synaptocrine coupling of hormonal and electrical signaling at the synapse (60, 61) .
The formal study of memory and its stages has described the process as involving acquisition, consolidation, retention, and retrieval (62) (63) (64) . Although the supportive role of E 2 provision on memory function has been known for over a decade, we are only beginning to understand the role of E 2 on more precise, formal stages of memory function. Specifically, peripheral (65) and central (45) E 2 have been shown to increase consolidation in rats and may improve retrieval in zebra finches (39) and rats (66) . The hypothesis that central (and mostly synaptically produced) E 2 may function identically remains untested but is well supported by recent data showing a dramatic increase in brain E 2 following song learning in juvenile finches (67) . Preliminary work in the laboratory is examining the before, after, and "online" effects of local estradiol provision on spatial memory function by testing routes of administration, time and duration of drug delivery, and dose, so that a formal examination of the stage(s) of memory function most likely affected by HP aromatization can be performed later.
In summary, the results of this study strongly suggest that local E 2 synthesis, via aromatization in the songbird HP, is a critical modulator of spatial memory function in this species. Locally synthesized E 2 may exert its memoryenhancing effects via actions on the membrane-bound GPER and its interactions with PSD95. Further work is necessary to determine the precise components of memory function that are sensitive to local aromatization. The abundant expression of aromatase at pre-and postsynaptic loci in the zebra finch HP, combined with its low expression in somata, suggests the possibility that these effects may be driven by synaptic E 2 synthesis and action. Experiments that specifically test the role of aromatization on synaptic currents are also necessary to further test this hypothesis.
